Abstract. Several members of the sirtuin family (SIRT1-7), which are a highly conserved family of NAD + -dependent enzymes, play an important role in tumor formation. Recent studies indicate that SIRT4 acts as a tumor suppressor by regulating glutamine metabolism. In the present study, we investigated the expression and activity of SIRT4 in colorectal cancer. Using a tissue microarray of 89 colorectal cancer cases, we found that SIRT4 was significantly downregulated in colorectal cancer tissues compared with that noted in the corresponding normal tissue (P<0.001). Lower SIRT4 levels were associated with worse pathological differentiation (P=0.031) and poorer post-operative overall survival rate (P=0.041). We found that SIRT4 overexpression inhibited the proliferation of colorectal cancer cells in vitro and in vivo. SIRT4 inhibited the glutamine metabolism of colorectal cancer cells and synergistically with glycolysis inhibitors induced cell death. SIRT4 also increased the sensitivity of colorectal cancer cells to chemotherapeutic drug 5-fluorouracil by inhibiting the cell cycle. Together, these results highlight the prognostic value of SIRT4 in colorectal cancer and the potential application of SIRT4 in colorectal cancer treatment.
Introduction
Colorectal cancer ranks third in worldwide incidence of malignant tumors, and fourth in terms of the cancer-related mortality rate (1) . The 5-year survival rate of patients with colorectal cancer ranges between 50 and 60% (2) . Several key genes and signaling pathways were found to play an important role in the pathogenesis of colorectal cancer, for example, EGFR, Wnt, TGFβ, p53 and DNA-mismatch repair pathway (3) . Nonetheless, we have yet to gain a complete understanding of the molecular genetics of colorectal cancer. In the future, we also need to investigate the molecular mechanisms as well as the corresponding genetic alterations in colorectal cancer, to determine the pathophysiology and potential diagnostic markers and therapeutic targets.
The sirtuin family (SIRT1-7) includes an NAD + -dependent histone deacetylase, deacetylase and ADP ribosyltransferases playing an important role in pressure resistance, genomic stability, energy metabolism and aging (4) . To date, almost all of the SIRT family members have been considered to play an important role in the development of cancer (5) . In regards to SIRT1, which is the most extensively studied member of the SIRT family, the deacetylation protein group and a series of non-histone protein substrates affect the corresponding tumorrelated genes including apoptosis of FOXO proteins, tumor suppressor p53, and DNA mismatch repair protein Ku70 (6,7), SIRT1, SIRT3, SIRT6 and SIRT7 have been shown to play the role of oncogenes or tumor-suppressor genes in colorectal cancer (8) (9) (10) (11) . However, SIRT2, SIRT4 and SIRT5 have yet to be investigated in colorectal cancer.
SIRT2 is an NAD + -dependent deacetylase located in the cytoplasm (12) , and catalyzes substrates such as H4K16 (13) , H3K56 (14) , FOXO1 (15) and p53 (16) . Kim et al (17) found that SIRT2 regulates mitosis, and SIRT2 knockout leads to the emergence of sex-specific tumors in mice, female breast cancer and male hepatocellular carcinoma.
SIRT4 is an ADP-dependent NAD + transferase located in the mitochondria (18) . SIRT4 regulates insulin secretion and fatty acid oxidation and other cellular metabolic functions (18) (19) (20) . Recent studies have indicated that SIRT4 functions as a tumor-suppressor gene by regulating the metabolism of glutamine (21, 22) .
SIRT5 is also located in the mitochondria, catalyzing deacetylation of carbamoyl-phosphate synthetase 1 (CPS1). The initial reaction of the urea cycle results in the removal and degradation of ammonia in cells (23) (24) (25) Reverse transcription-RT-PCR. Total tissue RNA was purified using the TRIzol kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol. Total cDNA (500 ng) was synthesized using reverse transcription kit (PrimeScript™ RT Master Mix; Takara, Japan). The cDNA was diluted three times using an RT-PCR kit (SYBR ® Premix Ex Taq™ II; Takara) in the RT-PCR reaction apparatus (DNA Engine Opticon 2 system; Bio-Rad, Hercules, CA, USA). GAPDH was selected as the reference gene. Primers for each gene were as follows: SIRT2 forward primer, ATAACCCACACCCAGCGTAG and reverse primer, AATGTCTTCTGCCCATCCAG; SIRT4 forward primer, GATGACTTGGCGTGTCTGAA and reverse primer, TTGAATGGGAACTGGAATCTG; SIRT5 forward primer, TTGAATGGGAACTGGAATCTG and reverse primer, TTG AATGGGAACTGGAATCTG; and GAPDH forward primer, CGGAGTCAACGGATTTGGTCGTAT and reverse primer, AGCCTTCTCCATGGTGGTGAAGAC. The PCR reaction conditions were as follows: 2 min at 94˚C and then 30 sec at 94˚C, 30 sec at 57˚C, 1 min at 72˚C for 40 cycles, and 5 min at 72˚C and maintained at 4˚C. After the loop, melting curve was analyzed to ensure uniformity of the PCR product. The data were converted using the 2 -∆∆Ct method. Table II) .
Immunohistochemistry (IHC)
. IHC was performed as previously described (27) . SIRT4 immunoreactivity at each tissue point was evaluated in terms of staining intensity (0, no staining; 1, weak staining; 2, medium staining; and 3, strong staining), and staining area (0, <5%; 1, 5-25%; 2, >25-50%; 3, >50-75%; and 4, >75%). The staining intensity score was multiplied with the staining area score to obtain the final staining score. The tissue points were divided into two groups based on the final staining score: low, 0-4; high, 6-12. In case of inconsistencies, the scoring was reevaluated by two researchers using a multi-headed microscope until a conclusion or consensus was reached.
Vector and virus production. A lentivirus for SIRT4 overexpression was purchased from HanBio (Shanghai, China). The virus vector was pHBLV-CMVIE-Zs Green-T2A-Puro. The final virus titer of the overexpressing lentivirus and the negative control virus was 2x10 8 PFU/ml.
Cell lines and culture conditions. Human colorectal cancer cell lines RKO and HT29 were purchased from Shanghai Institute of Cell Biology, Chinese Academy of Sciences. The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (Gibco, Grand Island, NY, USA) and incubated at 37˚C and 5% CO 2 . The stable cell line with SIRT4 overexpression was transfected with the lentivirus and screened with puromycin (2 µg/ml) for two weeks. The other reagents used in the cell experiments were: DMEM without glucose, DMEM (both from Gibco) without glutamine, DM-KG (349631), 2-DG (Klamar; 154-17-6) and 5-fluorouracil (5-FU) (F6627) (all from Sigma, St. Louis, MO, USA). None of the culture media contained sodium pyruvate.
Cell proliferation activity and toxicity. Cells were seeded at 1,000/well for cell proliferation activity and 5,000/well for cell proliferation toxicity into a 96-well plate. For detection, each well was supplemented with 10 µl Cell Counting Kit-8 (CCK-8) (Dojindo, Japan) solution, and the absorbance was read at 450 nm after culturing in a CO 2 incubator for 2 h. The cell proliferation activity in media without glutamine or glucose was tested by changing the media to the corresponding experimental conditions on the second day after seeding the cells. For cell proliferation toxicity, the media were replaced the next day with different doses of 5-FU. The cell proliferation toxicity was calculated dynamically: cell viability (%) = A 450 of treated cells/A 450 of untreated cells. Statistical analysis of cell proliferation toxicity was carried out using the cell viability (%) in three independent experiments.
Clone formation assay. The cells were seeded at 200/well in 6-well plates, changing the liquid every other day. After culturing for 2 weeks, the number of clones was counted directly with the naked eye after fixing with methanol and staining by Giemsa.
Flow cytometric analysis of apoptosis and cell cycle. Cells were harvested by trypsinization, pelleted by centrifugation and resuspended in phosphate-buffered saline (PBS) containing 3% FBS. Early cellular apoptosis was measured by flow cytometry (C6) using Annexin V-APC and 7-AAD staining with Accuri C6 software (all from BD, USA). The survival rate was calculated using unstained APC or 7-AAD and found to be 100%. Cell cycle was measured with PI/Nase kit (BD) according to the manufacturer's instructions. The cell cycle results were analyzed using the software ModFit (Verity Software House, Topsham, ME, USA).
Western blotting. Cells were lysed with RIPA lysis buffer supplemented with protease inhibitor cocktail (both from Beyotime, China). Protein concentrations were determined using the BCA protein concentration reagent kit (Beyotime). Cell lysates were separated by SDS-PAGE and transferred to PVDF membranes. Antibodies used were: rabbit anti-human SIRT4 polyclonal antibody (HPA029692; Sigma), goat antirabbit antibody (ab97200) and rabbit anti-human β-actin polyclonal antibody (ab11971) (both from Abcam, Cambridge, UK).
Xenograft tumorigenesis. Eight 4-week-old male BALB/c nude mice were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. (SLAC; China) and bred under specific pathogen-free conditions. All animal studies were conducted in accordance with the NIH animal use guidelines and current Chinese regulations and standards for laboratory animal use. Vector and SIRT-OE RKO cells were resuspended in DMEM containing 10% FBS. The cell suspension was pre-cooled on ice before bilateral inguinal subcutaneous injection, into each mouse with an equal number of RKO cells (5x10 6 ), in a volume of ~200 µl, on the left side of the negative vector group, and the right side in the SIRT-OE group. Two months after injection, the mice were sacrificed and the tumor was weighed.
Statistical analysis. Statistical analysis was performed using the SPSS 20.0 version of the statistical software. PCR analysis of 16 paired human colorectal cancer was followed by t-test comparing adjacent normal colorectal tissues and the proliferation toxicity of the colorectal cancer cells to 5-FU. Card and Fisher's exact tests were used to analyze the SIRT4 expression in the tumor and matched non-tumor tissues, and the SIRT4 expression in relation to clinical and pathological parameters in colorectal cancer. Kaplan-Meier analysis (the log-rank test) was used for single factor analysis. Cox proportional hazards regression model was used to identify independent prognostic factors. Other experiments were analyzed by the non-paired t-test. A P-value of <0.05 (two-tailed) was considered statistically significant.
Results
Decreased SIRT4 mRNA expression. We compared the mRNA expression levels of SIRT2, SIRT4 and SIRT5 in 16 paired colorectal cancer and adjacent normal tissues and found that SIRT4 was significantly reduced in colorectal cancer, while SIRT2 and SIRT5 showed no significant change (Fig. 1A) . Although not statistically significant, the expression of SIRT5 in colorectal cancer showed a downward trend.
To validate the above results, we further analyzed the expression profile of SIRT2, SIRT4 and SIRT5 using microarray data, with 236 cases of colorectal cancer and 22 normal colorectal tissue samples from the TCGA database. Consistent with our RT-PCR results, we found that SIRT4 was downregulated in early stages and, importantly, its low expression was maintained during cancer progression, indicating that SIRT4 downregulation may be required for both tumor initiation and maintenance. The SIRT2 mRNA expression was downregulated in stages II and IV with no significant changes in stages I and III. SIRT5 showed no significant change in any colorectal cancer stage (Fig. 1B) . In brief, the SIRT4 mRNA expression in colorectal cancer tissues was significantly decreased.
SIRT4 expression correlates with pathological differentiation and prognosis. We next evaluated SIRT4 protein expression in tissue microarray analysis of 89 colorectal cancer patients by immunohistochemistry. We observed that SIRT4 was expressed in the cytoplasm (Fig. 2) . We then divided the samples into two groups defined as low and high expression based on the staining results. We found that in normal colorectal tissues, 91.01% (81/89) of the SIRT4 segment was highly expressed and 8.99% (8/89) were low. By contrast, in Table I . SIRT4 protein expression in colorectal cancer and adjacent normal colon tissues. colorectal cancer tissues, these numbers were 64.04% (57/89) and 35.96% (32/89), respectively. The difference was statistically significant (P﹤0.001; Table I ). We next analyzed the relationship between SIRT4 expression and the clinicopathological parameters and found that patients expressing low SIRT4 levels manifested increasingly adverse pathological grade (P=0.031). However, we did not find any statistical relationship between SIRT4 expression with other parameters, including age, gender, tumor size, tumor invasion depth (T), lymph node positive number (N), distant metastasis (M) and UICC stage (P>0.05). The relationship between SIRT4 expression and the clinicopathological is summarized in Table II. To further explore the prognostic value of SIRT4 in colorectal cancer, we first performed univariate analysis. The results showed that SIRT4 and tumor size, tumor differentiation, lymph node and tumor distant metastasis, and UICC stage were related to OS time post-operatively (Table III) . The OS of patients with low SIRT4 expression was significantly lower than that noted in patients with high SIRT4 expression (P=0.041, test log-rank; Fig. 3 ). Next, using COX regression analysis adjusted for the prognostic factors established in the univariate analysis, we found a significant correlation between low SIRT4 expression and worse OS time of the colorectal cancer patients (P=0.003, HR=0.339; Table IV ). Together, these results suggest that SIRT4 expression is associated with a worse pathological grade and is an independent prognostic factor for OS in patients with colorectal cancer.
SIRT4 inhibits the growth of human colorectal cancer cells.
We constructed a stable cell line overexpressing SIRT4 in Table III . Univariate analysis of SIRT4 expression and clinicopathological variables in 89 patients with colorectal cancer. colorectal cancer lines RKO and HT29 using the lentivirus, and verified the results by western blotting (Fig. 4A) . We found that SIRT4 overexpression significantly reduced the proliferation of RKO and HT29 cells ( Fig. 4B and C) . Furthermore, SIRT4 overexpression significantly reduced the number and size of the clones of RKO and HT29 cells (Fig. 4D) . Next, we found that SIRT4 overexpression significantly reduced the tumorigenic potential of RKO cells in nude mice (Fig. 4E) . Together, these results indicate that SIRT4 inhibits the growth of colorectal cancer cells.
Overall survival (months) -------------------------------

SIRT4 expression Clinicopathological All ----------------------------
We found no significant change in the apoptosis rate and cell cycle of the RKO and HT29 cells following SIRT4 overexpression ( Fig. 4F and G) .
SIRT4 inhibits glutamine metabolism and synergistically with glycolytic inhibition induces cell death in colorectal
cancer. Studies indicate that SIRT4 inhibits tumor growth via inhibition of mitochondrial glutamine metabolism (21, 22) . We investigated whether SIRT4 inhibited the growth of colon cancer cells by inhibiting glutamine metabolism. We found that RKO and HT29 cells still maintained growth in media in the absence of glucose, but the growth rate was significantly weak in the absence of glutamine (Fig. 5A and B) suggesting that glutamine metabolism plays an important role in the growth of human colorectal cancer cells.
We tested whether SIRT4 inhibited the utilization of glutamine in colorectal cancer cells. We deprived RKO and HT29 cells of glucose, and forced the cells to switch to glutamine to maintain growth. The results showed that SIRT4 overexpression significantly reduced the survival rate of the RKO and HT29 cells in glucose-deprivation. However, when cell-permeable DM-KG was added, the mortality difference disappeared (Fig. 5C and D) . We found that in glucose-deprived media, the magnitude of the decrease in proliferation of the colorectal cancer cells caused by SIRT4 overexpression was larger compared with glucosesupplemented media (data not shown). These results indicate that SIRT4 overexpression reduced glutamine dependence of colorectal cancer cells, suggesting that SIRT4 inhibition of glutamine metabolism mediated the inhibition of proliferation of the colorectal cancer cells.
Blocking tumor cells in the metabolic pathway is a new treatment strategy. Since SIRT4 inhibited glutamine metabolism, we further explored whether SIRT4 overexpression increased the sensitivity of colorectal cancer cells to glucose metabolic inhibitors. Consistent with the previous glucose deprivation experiments, we found that SIRT4 overexpression sensitized colorectal cancer cells to 2-deoxyglucose (2-DG)-induced cell death ( Fig. 5E and F) further supporting the role of SIRT4 in glutamine metabolism and survival of colorectal cells and indicating that SIRT4 overexpression and glucose metabolism inhibitors induced a synergistic effect on the colorectal cancer cells.
In addition to inhibiting glutamine metabolism, the role of SIRT4 in glucose metabolism is still unclear. We found that SIRT4 overexpression significantly reduced the survival rates of both colorectal cancer cell lines in glutamine-deprived media ( Fig. 5G and H) suggesting that SIRT4 affected glucose metabolism as well.
SIRT4 increases the sensitivity of colorectal cancer cells to 5-FU by delaying the cell cycle. 5-FU is the most commonly used chemotherapeutic agent for the treatment of colorectal cancer. We found that SIRT4 overexpression increased the inhibitory effect of 5-FU on the proliferation of colorectal cancer cells (Fig. 6A and B) .
We found that SIRT4 overexpression significantly decreased the S and G2/M rates in both colorectal cancer cell lines after 5-FU treatment (Fig. 6E) , but had no influence on the apoptotic rates under these conditions (Fig. 6F) suggesting that SIRT4 increased the sensitivity of colorectal cancer cells to 5-FU by delaying mitosis.
Discussion
In the present study, we found that decreased SIRT4 expression in human colorectal cancer was associated with poor pathologic differentiation and worse prognosis. In vitro and in vivo experiments demonstrated that SIRT4 decreased the proliferation activity, the number of cells and tumor formation in nude mice injected with colorectal cancer cells. We found that glutamine plays an important role in the growth of colorectal cancer cells, and SIRT4 weakened the ability of colorectal cancer cells in glutamine utilization and enhanced cell death caused by glucose metabolism inhibitor 2-DG. Finally, we found that SIRT4 increased the sensitivity of colorectal cancer cells to chemotherapeutic agents by delaying the cell cycle. Our research has uncovered the clinical significance of SIRT4 in human colon cancer. According to the present study, multiple SIRT family members are involved in different tumors, which may depend on the specific tissue and tumor type (28) . For instance, SIRT1 expression levels are elevated in gastric (29) , colorectal (30) , prostate (31) and skin cancers (32) , suggesting that it promotes tumor formation. In addition, studies have shown that SIRT1 may act as a tumor suppressor. For example, SIRT1 was downregulated in breast cancer (33) and inhibited the formation of intestinal tumors in APC (Min/ + ) mouse models (34) . Similarly, SIRT2 was found to be downregulated in breast (17) , glioma (35) and skin cancers (36) , but upregulated in acute myeloid leukemia (37) and prostate cancer (38) . Jeong et al (21, 39) found that SIRT4 inhibited the growth of HeLa cells and MYC-induced B-lymphoma cells. SIRT4-knockout MEF cells in nude mice formed larger tumors. SIRT4-knockout mice spontaneously developed cancers of the lung, liver, breast and lymphoma. Csibi et al (22) also found that SIRT4 inhibited the growth of human colorectal cancer DLD-1 cells and human prostate cancer DU145 cells. Our previous studies suggested that SIRT4 expression is decreased in gastric cancer tissues and is correlated with gastric cancer pathology (27) . In the present study, we found that SIRT4 was downregulated in human colorectal cancer tissues and inhibited the growth of colorectal cancer cells in vitro and in vivo. Our results suggest that SIRT4 plays a tumor-suppressor role in human colorectal cancer, and that SIRT4 is a tumor-suppressor gene.
We found no significant difference in SIRT2 and SIRT5 mRNA levels between colorectal cancer and normal colorectal tissues. Since the role of SIRT family members is tissue-specific, they do not play a role in the development of colorectal cancer. In contrast, their expression in colorectal cancer may be regulated by post transcriptional modification. SIRT1, which has a higher level of protein expression in hepatocellular carcinoma tissues compared with normal liver tissues, showed no difference in mRNA expression between HCC tissues and adjacent normal liver tissues (40) . The next step will be to study the protein expression in colorectal cancer.
Jeong et al (21) and Csibi et al (22) found that SIRT4 inhibited tumor growth by inhibiting mitochondrial glutamine metabolism. However, recent studies show that SIRT4 inhibits pyruvate dehydrogenase (41) . Since pyruvate dehydrogenase is a key enzyme in the tricarboxylic acid cycle, SIRT4 may also play a role in glucose metabolism. The present study found that SIRT4 increased the cell death of colorectal cancer cells in glucose-deprived culture media, and the addition of glutamine to downstream metabolite DM-KG abrogated this effect suggesting that SIRT4 inhibited glutamine metabolism. However, we also found that overexpression of SIRT4 reduced the survival rate of the colorectal cancer cells in glutamine-deprived media, indicating that SIRT4 may also inhibit glucose metabolism in colorectal cancer cells.
Targeting glucose metabolism using glucose inhibitors has been used as a therapeutic strategy (42) (43) (44) . However, tumor cells activate other metabolic pathways, such as glutamine metabolism to survive, since mitochondrial glutamine metabolism can substitute for the lack of glucose recharge mitochondrial tricarboxylic acid cycle (45, 46) . Our experiments found that colorectal cancer cells under glucose deprivation still maintained growth, and SIRT4 overexpression increased the death associated with glucose deprivation in colorectal cancer. SIRT4 overexpression and glucose inhibitors 2-DG synergistically acted to significantly increase colorectal cancer cell death. These results indicate the therapeutic potential of SIRT4 targeting in metabolism, particularly in treating tumors with a glucose metabolism inhibitor.
Previous research has shown that SIRT4 delays the cell cycle in damaged DNA (21) . The present study found that 5-FU increased the sensitivity of colorectal cancer cells to chemotherapy drugs by delaying the cell cycle. The present study reveals the potential of SIRT4 in chemotherapy.
In summary, our results indicate that SIRT4 plays a tumor-suppressor role and is an independent prognostic factor in colorectal cancer. SIRT4 for the treatment of colorectal cancer, particularly in conjunction with metabolic and cytotoxic chemotherapy, is a promising strategy. The present study reveals the clinical significance of SIRT4 in human colorectal cancer. Our results suggest that SIRT4 is a potential diagnostic and therapeutic target in colorectal cancer.
